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Description 

[0001] This invention relates to porous semiconductor 
material such as silicon in particular, although not exclu- 
sively, to methods of producing such material and to de- 
vices incorporating it. 

[0002] In recent years great interest and considerable 
research and development activity has been generated 
in response to the discovery of visible luminescence at 
room temperature from porous silicon. There have been 
a substantial number of publications in the scientific lit- 
erature and also patent applications. See for example 
the 1992 Fall Meeting of the Materials Research Socie- 
ty, the symposium being entitled "Microcrystalline Sem- 
iconductors.. Materials Science and Devices", Novem- 
ber 30 to December 4,1 992. International Patent Appli- 
cant No PCT/GB90/01901 published as WO 91/09420 
relates to porous silicon having luminescent properties 
by virtue of its containing silicon quantum wires. Bulk (ie 
non-porous) silicon has very poor luminescence effi- 
ciency because it has indirect gap band structure. Highly 
porous silicon containing silicon quantum wires has 
much greater luminescence efficiency, and the lumines- 
cence emission is of shorter wavelength. Luminescence 
is associated with quantum confinement of charge car- 
riers within quantum wires of which the porous silicon is 
composed. 

[0003] Experience has shown that the luminescence 
properties of porous silicon improve both with increasing 
porosity and with increasing resistivity of the original p- 
type bulk silicon starting material from which the porous 
silicon is produced. However, the structural properties 
of conventionally produced porous silicon degrade with 
both increasing porosity and increasing starting material 
resistivity. In Appl. Phys. Lett. Vol 60 (18), pages 
2285-2287, 4 May 1992, Friedersdorf et al. discuss the 
influence of stress on porous silicon luminescence. 
They show in Figure 2 an optical micrograph of porous 
silicon exhibiting "cellular structure", this being the craz- 
ing and cracking of porous silicon material . A substantial 
degree of delamination or peeling of the porous silicon 
occurs. This makes high porosity porous silicon struc- 
turally unsuitable for luminescent device applications. It 
is too mechanically weak at porosities high enough to 
provide useful luminescence. Experience shows that 
porous silicon produced in accordance with Internation- 
al Patent Application No PCT/GB90/01 901 begins to ex- 
hibit crazing and partial disintegration at porosities 
above 90% for bulk silicon starting material of resistivity 
not greater than 1 0' 2 ohm cm (p + type) and porous layer 
thickness of 4 \ur\ or greater. Here the porosity is deter- 
mined gravimetrically assuming no shrinkage during 
production. The situation is worse with higher resistivity 
p type silicon starting material (p*, 1 ohm cm). Here craz- 
ing and partial disintegration occur at gravimetric poros- 
ities above 80% and layer thicknesses similar to the p + 
equivalents. 

[0004] Difficulties in producing high porosity silicon 



are also shown by Lehmann et al., Mat. Res. Soc. Symp. 
Proc. Vol. 283, pages 27-32, 1993. Figure 6 of this article 
demonstrates crack evolution and shrinkage during pro- 
duction. Similar effects were also mentioned in a paper 

5 by Beale et al. J. Cryst. Growth, Vol. 73, p622 onwards 
1985. This paper describes low density porous silicon 
films which craze and peel during production. In a very 
recent paper by Grivickas et al., Thin Solid Films, Vol 
235, p.234, 1993, it is stated that the thickest porous 

10 silicon films broke off from the substrate and disintegrat- 
ed into small pieces. It is consequently a long felt want 
to provide high porosity semiconductor material such as 
silicon with good structural characteristics. 
[0005] Luminescent porous silicon layers having 

15 thicknesses in the range 20 jim to 80 \im are described 
by Badoz et al. in the Materials Research Society Sypo- 
sium Procedings, Volume 283, 1993, pages 97 to 108. 
Similar porous slicon material is reported by Sagnes et 
al. in Applied Physics Letters, Volume 62(10), 1993, 

20 pages 1155-1157. Prior art techniques for the fabrication 
of thick luminescent porous silicon layers are known to 
result in structures in which only a top layer of the porous 
silicon is luminescent. 

[0006] It is an object of the invention to provide porous 
25 semiconductor material of improved structure and a 
method of making it. 

[0007] The present invention provides porous semi- 
conductor material according to claim 1 which is at least 
partly crystalline, characterized in that the semiconduc- 
30 tor material has a porosity in excess of 90% determined 
gravimetrically and in that the porous semiconductor 
material has one or more of the following properties : 



35 



40 



there are substantially no voids, crazing and peeling 
discernible in the semiconductor material by scan- 
ning electron microscopy at a magnification of 
7,000; 

the semiconductor material has a crack density of 
less than 10 8 cnrr 2 ; 

the semiconductor material is free of cracks greater 
than 0,1 urn in width. 



[0008] The invention provides the advantage that the 
material is of much higher structural quality than in the 
45 prior art of high porosity crystalline semiconductor ma- 
terials. 

[0009] In a further aspect, the invention provides a 
method of making porous semiconductor material ac- 
cording to claim 22, incorporating the step of producing 
so porous semiconductor material which is liquid-wetted 
and at least partly crystalline, characterized in that the 
method further incorporates the step of drying the po- 
rous semiconductor material by a supercritical drying 
process. 

55 [0010] Preferred embodiments are set out in the ap- 
pended claims. 

[001 1 ] In order that the invention might be more fully 
understood, examples thereof will now be described, 
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with reference to the accompanying drawings, in which:- 

Figure 1 schematically shows a silicon substrate 

wafer and a porous silicon layer there- 
on; 

Figure 2 schematically shows apparatus for su- 
percritical drying; 

Figure 3 to 6 are drawings produced from scanning 
electron microscope photographs of 
porous silicon material dried in air and 
dried by a supercritical drying process; 

Figure 7 is a drawing of a transmission electron 

diffraction pattern from porous silicon 
material produced in accordance with 
and of the invention; 

Figure 8 shows photoluminescence spectra ob- 
tained from a porous silicon specimen 
of the invention and a comparison 
specimen; 

Figure 9 shows measured data and theoretical 25 
model data obtained by spectroscopic 
ellipsometry for a porous silicon speci- 
men of the invention and a comparison 
specimen; and 

Figure 1 0 shows photoluminescence data from a 
porous silicon specimen of the inven- 
tion. 
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30 



[0012] Referring to Figure 1 , a Czochralski -grown (cz) 
single crystal silicon wafer 1 0 350 jim in thickness is 
shown in section. Chain lines 11 indicate that the wafer 
1 0 is illustrated on a reduced scale. The wafer 1 0 has a 
surface layer 1 2 of porous silicon material thereon of 4.5 
Urn thickness. The layer 12 has an upper surface 14 re- 
mote from the wafer 1 0. Strictly speaking the expression 
"layer" is a misnomer, although it is often used in lithog- 
raphy. 

[0013] The layer 12 was not "laid down"; it was pro- 
duced electrochemically by an anodizing/etching proc- 
ess, ie anodization combined with etching. The wafer 
1 0 was of heavily doped p-type (p + ) silicon material, with 
a resistivity in the range 5 x 10' 3 ohm cm to 15 x 10" 3 
ohm cm. 

[0014] The wafer 1 0 was anodized in what is referred 
to as "1 0% ethanoic" hydrofluoric acid (HF) solution; this 
produced small pores in the wafer 10, which was then 
subjected to etching by soaking in the same solution. 
The etching produced pore overlap defining silicon 
quantum wires. The ethanoic HF solution was produced 
from an aqueous solution of 20% by weight of HF in wa- 
ter, this solution being subsequently mixed with an equal 
volume of ethanol. The resulting mixture is referred to 
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as 10% ethanoic HF solution. 
[001 5] Anodization of the wafer 1 0 was carried out in 
the 10% ethanoic HF solution at a current density of 50 
mAcm- 2 for 3 minutes. An anodizing/etching apparatus 
was employed as described in International Patent Ap- 
plication No PCT/GB90/01901 previously mentioned. 
This anodization produced a substantially uniform gold 
coloured porous layer (or stratum of porous silicon ma- 
terial) which is 4.5 ± 0.5 ujti in thickness. The layer had 
a porosity (void fraction) of 85%, ie its density was 1 5% 
that of non-porous crystalline silicon. 
[0016] In accordance with the invention it is desired 
to produce a layer 1 2 with porosity of at least 90%. More- 
over, it is desired that the layer 1 2 remain crystalline and 
continue to be supported by the non-porous substrate 
or wafer 10. In International Application No. PCT/ 
GB90/01901 referred to above, a procedure is disclosed 
in which silicon is anodized and subsequently etched to 
increase porosity. However, it has been found that etch- 
ing to a porosity in excess of 90% creates porous silicon, 
which, upon drying to remove the etchant, exhibits at 
least partial disintegration by cracks, crazing and peel- 
ing of the porous layer from the substrate. 
[001 7] The porous layer 1 2 was subjected to chemical 
dissolution (etching) for 30 minutes in 10% ethanoic HF 
solution (as used for anodization). This increased its po- 
rosity to an average value of 95% (measured by gravi- 
metric analysis). The layer 12 was maintained in a wet 
state (ie wetted by the ethanoic HF etchant solution), 
and was transferred in this state to a bath of pure ethanol 
with etchant initially within its pores. The wafer 10 and 
layer 12 were cleaved under the ethanol to provide re- 
duction to a size suitable for insertion within a pressure 
vessel. The cleaved wafer was then transferred to a 
pressure vessel of 50 ml volume. The wafer remained 
in an ethanol-wetted state during transfer, and the ves- 
sel itself was full of ethanol. 

[0018] Referring now also to Figure 2, there is shown 
in schematic form an apparatus 20 for supercritical dry- 
ing of materials. The apparatus 20 incorporates a C0 2 
input pipe 22 connected to a pump 24 with a chilled 
(8°C) pump head (not shown). The pipe 22 connects the 
pump 24 to a CQ 2 reservoir (not shown); the pump 24 
is connected to a pressure vessel 26 within an oven 28. 
The vessel 26 is connected to a back pressure regulator 
30 with an outlet 32 to an effluent receiver vessel 34. 
[0019] In operation of the apparatus 20, the wafer was 
within the pressure vessel 26. The ethanol and residual 
electrolyte within the pores of the layer 1 2 was replaced 
by liquid C0 2 supplied to the pressure vessel 26 by 
means of the pump 24. The liquid C0 2 flushed the eth- 
anol from the layer pores. It was pumped through the 
pressure vessel 26 at a flow rate of 2 cm 3 per minute, a 
temperature of 18°C and a pressure of 1500 psi (10.1 
MPa). The level of ethanol remaining in the layer pores 
was monitored by sampling and analysing effluent from 
the outlet 32. After flushing with liquid C0 2 for 3 hours, 
there was less than 10ppm of ethanol in the effluent. 
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[0020] The pressure vessel 26 containing the wafer 
10 immersed in liquid C0 2 was then subjected to in- 
creased temperature by means of the oven 28. The tem- 
perature within the vessel 26 was increased at 1°C per 
minute to 40°C, and the pressure rose gradually to 2400 
psi (16.2 M Pa). At this point the C0 2 was a supercritical 
fluid, ie a fluid above its critical point. The pressure was 
then reduced to 1500 psi (10.1 MPa), and supercritical 
C0 2 was flushed through the pressure vessel 26 at 
40°C for 2 hours. Maintaining the pressure vessel tem- 
perature at 40°C, the C0 2 was slowly vented from the 
vessel 26 over a period of 16 hours reducing the pres- 
sure within the vessel to atmospheric. On removal from 
the vessel 26, the porous silicon layer was found to be 
substantially free of disintegration by cracks, peeling or 
crazing. It had a porosity (void fraction) of 95% as de- 
termined by gravimetric analysis. The specimen pro- 
duced in this way is referred to as UHP 23A. The silicon 
wafer (in a wet state and with etched porous layer) from 
which UHP 23A was cleaved was dried by being allowed 
to stand in air as in the prior art. This wafer was then 
designated comparison specimen UHP 23. 
[0021] The morphologies of supercritical ly dried spec- 
imen UHP 23A and air dried comparison specimen UHP 
23 were investigated as follows. A scanning electron mi- 
croscope (SEM) was employed to study the upper sur- 
faces of these specimens, ie the equivalents of the sur- 
face 14 in Figure 1 remote from the wafer 10. Figures 3 
and 4 are drawings reproduced from such micrographs 
for specimen UHP 23 and specimen UHP 23A respec- 
tively. Figure 3 is reminiscent of fissured dried mud; it 
has a magnification in the region of 1 .4 x 1 0 3 ; this is in- 
dicated by a line 30 having a length corresponding to 1 0 
urn in physical distance. Figure 3 shows that air dried 
specimen UHP 23 consists of regions of porous silicon 
such as 32 (unshaded) alternating with fissures such as 
. 34 (shaded). The fissures 34 are of greater total surface 
area than the silicon regions 32, and are up to 8 u/n in 
width. The silicon regions 32 are typically 2 um to 5 urn 
in width. In contrast, Figure 4 is a plain featureless 
scene; UHP 23A exhibited no recognisable cracks, fis- 
sures, or other morphology in the SEM photograph. In 
Figure 4 a line 40 corresponds to a physical length of 
approximately 1 ujti, indicating a magnification in the re- 
gion of 7 x 1 0 3 . Figure 4thus illustrates an area of porous 
silicon of approximately 20 [im x 10 urn In conse- 
quence, cracks less than 0.1 u.m wide would have been 
visible if present. Specimen UHP 23A is therefore free 
of cracks greater than 0.1 u.m in width. 
[0022] The specimens UHP 23 and UHP 23A were 
cleaved perpendicular to their upper surfaces (14 in Fig- 
ure 1), and SEM photographs were taken of the cleav- 
age surfaces. Figure 5 (UHP 23) and Figure 6 (UHP 
23A) were drawn from such photographs; they repre- 
sent magnifications of about 7 x 10 3 as indicated by re- 
spective lines 50 and 60 corresponding to physical 
lengths of 1 um Figures 5 and 6 show porous silicon 
layers 52 and 62 upon respective wafer substrates 54 



and 64. The layer 52 of the air dried specimen UHP 23 
has substantial void or fissure regions 56, 2 ujti and 5 
ujti across, interspersed with porous silicon material 58, 
8 u.m across. The layer 62 of the supercritically dried 
5 specimen UHP 23A has no visible voids or fissures and 
is of substantially constant thickness. This shows that 
supercritical drying has substantially obviated the 
shrinkage and cracking of prior art porous silicon. From 
the photographs used to prepare Figures 4 and 6, the 
10 crack density is less than 1 0 8 cm -2 . 

[0023] In order to investigate the crystallinity of super- 
critically dried specimen UHP 23A, a transmission elec- 
tron diffraction pattern was obtained using a 300 kV 
electron beam. Flakes of porous silicon were removed 
15 from UHP 23A and introduced into the electron diffrac- 
tion instrument. Figure 7 was drawn from the resulting 
photograph. It shows inter alia a central undiffracted 
beam 70 with four first order diffraction lobes 72. The 
lobes 72 are characteristic of the 1 1 0 orientation of crys- 
20 talline silicon. Second order or (220) orientation lobes 
74 are also shown. There is no evidence for the pres- 
ence of randomly oriented crystallites, since there are 
no diffraction rings. In the photograph from which Figure 
7 was produced, there was a small amount of back- 
25 ground intensity (not shown) in the region 76 between 
the central beam 70 and first order lobes 72. Such back- 
ground can arise from a number of phenomena, one of 
which is the presence of amorphous material, in this 
case Si0 2 . The background was sufficiently weak in in- 
30 tensity compared to the lobes 72 to show that the porous 
silicon layer 12 of UHP 23A was more than 80% crys- 
talline silicon in single crystal form; ie more than 80% of 
the Si atoms in the porous layer were unoxidised and 
on crystal lattice sites. In fact, it is believed that more 
35 than 90% of the Si atoms were unoxidised and on silicon 
lattice sites. It is believed that this porous silicon pre- 
served the crystal structure of the original silicon wafer 
10, since there is no other reasonable mechanism for 
such a structure to arise. This is a surprising result, be- 
40 cause the supercritically dried specimen UHP 23A com- 
prised quantum wires of 3 nm to 5 nm diameter in air. 
The interatomic spacing in silicon is 0.235 nm, so 3 nm 
to 5 nm diameter quantum wires have only 1 2 to 21 at- 
oms across a diameter; of these at least the outermost 
45 atoms will not be on crystal lattice sites once they be- 
come oxidised. It is in fact surprising that the supercrit- 
ically dried specimen UHP 23A was less than 10% oxi- 
dised, since it had been stored for one month between 
production and electron diffraction measurement. 
so [0024] In order to compare luminescent properties of 
porous silicon material produced in accordance with the 
invention with that produced by a prior art procedure, 
two further specimens, referred to as UHP 1 7 and UHP 
26B respectively, were prepared. Specimen UHP 17 
55 was produced as follows. A wafer of p + silicon material 
with resistivity in the range 5 x 1 0' 3 ohm cm to 1 5 x 1 0' 3 
ohm cm was anodized in 10% ethanoic HF solution at 
a current density of 50 mAcnr 2 for 3 minutes. This wafer 
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was then etched for 15 minutes by being left to soak in 
the same solution. It was subsequently rinsed in pure 
ethanol to remove etchant, and then dried in air. As a 
result of this processing, the wafer bore a porous silicon 
layer which had partly disintegrated by cracking and 
peeling. Detached flakes of the porous layer were im- 
aged in a transmission electron microscope (TEM). The 
flakes proved to contain quantum wires with diameters 
in the range 4.5 nm to 6 nm. A porosity value can be 
quoted for this layer, but it would be of doubtful value 
because of the layer's partial disintegration. 
[0025] A second wafer of p + silicon material with re- 
sistivity in the range 1 5 x 1 0" 3 ohm cm to 50 x 1 0' 3 ohm 
cm was used to make specimen UHP 26B. The wafer 
was anodized for 5 minutes in 1 0% ethanoic HF solution 
at a current density of 50 mAcnrr 2 . It was then etched 
for 5 minutes by being left to soak in the same solution. 
Experience shows that the resulting porous silicon layer 
so produced on the wafer would craze and disintegrate 
substantially completely if dried in air. The original wafer 
was of higher resistivity than that used to make UHP 1 7, 
and increase in resistivity improves luminescence prop- 
erties but also increases likelihood of disintegration. 
[0026] Instead UHP 26B was dried by a supercritical 
drying process similar to that described earlier with ref- 
erence to Figures 1 and 2. The wafer was soaked in eth- 
anol to remove etchant from the pores of the porous sil- 
icon layer; it was then dried in a pressure vessel of 10 
cm 3 capacity by replacing the ethanol with liquid C0 2 at 
a temperature of 18°C and a pressure of 1500 psi (10.1 
MPa). 

[0027] The temperature was then raised to 40°C over 
a 15 minute time interval and flushed with supercritical 
C0 2 for 15 minutes. A one hour interval was employed 
for depressurization of specimen to UHP 26Bto atmos- 
pheric pressure. After removal from the pressu re vessel, 
this specimen exhibited no crazing, cracking or partial 
disintegration. It exhibited the same morphology as that 
described for specimen UHP 23A despite the relatively 
more rapid depressurization. 

[0028] Specimens UHP 1 7 and UHP 26B were tested 
for photoluminescence properties by being subjected to 
irradiation with 0.1 watt cm' 2 of argon ion laser radiation 
of 458 nm wavelength. This was carried out in air at am- 
bient temperature. Specimen UHP 17 had undergone 
storage in air at ambient temperature subsequent to for- 
mation and prior to irradiation. The photoluminescence 
spectra are shown in Figure 8, graphs (a) and (b) being 
those of Specimens UHP 1 7 and UHP 26B respectively. 
The ordinate axis is photoluminescence intensity (arbi- 
trary units) and the abscissa axis is wavelength (nm). 
Graph (a) has been displaced vertically to avoid over- 
lapping spectra; the graphs both go to zero at 550 nm 
(at which a relative shift has been introduced), and 
graph (a) has undergone a tenfold (x10) ordinate scale 
expansion or relative magnification compared to graph 
(b). This can be appreciated from the much greater 
noise level of graph (a) relative to that of graph (b). 



[0029] The photoluminescence emission band of 
graph (a) is widerthan that of graph (b). Moreover, graph 
(b) has a peak photoluminescence emission centred at 
about 757 nm, compared with about 778 nm for graph 
5 (a). Graph (b) is therefore blue-shifted slightly relative 
to graph (a), and has higher peak intensity having regard 
to the relative magnification of graph (a) previously men- 
tioned. The integrated photoluminescence intensity 
(peak intensity multiplied by full width at half height) of 
10 graph (b) is six times that of graph (a). These differences 
are collectively consistent with specimen UHP 26B in- 
corporating smaller quantum wires than specimen UHP 
1 7, giving a higher degree of quantum confinement, and 
having higher quantum wire density. Calculations show 
15 that specimen UHP 26B exhibits a photoluminescence 
efficiency of greater than 0.1%. Furthermore, Figure 8 
is evidence that supercritical drying does not merely pre- 
serve the luminescence properties of porous silicon, but 
also provides enhancement of those properties. The 
20 combination of specimen UHP 26B and the activating 
Argon ion laser constitutes a luminescent device. 
[0030] An example of the invention, specimen UHP 
23C cut from the same wafer as UHP 23A, was used to 
investigate the morphology of material of the invention. 
25 Transmission electron microscopy (TEM) was used to 
study specimen UHP 23C; this specimen proved to con- 
tain silicon quantum wires with diameters less than 4 
nm, and it consisted of a three dimensional reticulated 
structure of silicon quantum wires at least 50% of which 
30 were less than 4 nm in diameter. At least 90% of the 
silicon in this structure was in the form of silicon quantum 
wires. 

[0031] The invention provides inter alia an electro- 
chemical process for producing porous crystalline sili- 

35 con material supported by and attached to a bulk (ie 
non-porous) silicon substrate, the porous silicon being 
initially in a wetted state and dried by a supercritical dry- 
ing process. The invention provides crystalline porous 
silicon with luminescence properties; the porous silicon 

40 is attached to and is an extension of the crystal structure 
of non-porous crystalline silicon material from which the 
porous silicon was produced by removal of silicon ma- 
terial. The porous silicon is a three dimensional 
branched network of quantum wires in which the lumi- 

45 nescence properties arise from quantum confinement 
of charge carriers. Luminescence properties of porous 
silicon are improved by increase in quantum confine- 
ment, which requires reduction in quantum wire diame- 
ter and therefore increase in porosity. At least in p + sili- 

so con, these properties are also improved by increased 
resistivity of the bulk silicon wafer used to produce the 
porous silicon material. 

[0032] Porosity data quoted above was obtained for 
specimens UHP 23A and others by a gravimetric proce- 
ss dure described in International Application No. PCT/ 
GB90/01901 previously mentioned. This procedure in- 
volves determining the weight of silicon lost in anodiza- 
tion and etching and calculating an average density for 
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the porous silicon assuming it retains its pre-anodization 
shape. The porous silicon density is then divided by the 
density of bulk silicon, and the result is subtracted from 
unity to provide a porosity figure. The validity of this de- 
pends on the porous silicon preserving its shape. If there 
is shrinkage during drying, the actual porosity will be 
lower than that indicated by gravimetric data. 
[0033] Ellipsometric spectroscopy was employed to 
determine the thickness of the air dried comparison 
specimen UHP 23 and the supercritically dried speci- 
men UHP 23A. The results are shown in Figure 9. Elllp- 
sometry is a known technique for optically characteris- 
ing surfaces and surface films or layers. It involves de- 
termining the amplitude ratio (tan y) and phase differ- 
ence (cos A) of light beams reflected from a surface un- 
der test and p-polarized and s-polarised respectively in 
relation to that surface. This is carried out over a range 
of wavelengths. Subsequently the data is fitted to a the- 
oretical model, in which the surface layer's pseudo-re- 
fractive indices and thickness are parameters. Porosity 
is obtainable from comparison with the optical proper- 
ties of non-porous (bulk) crystalline silicon. See for ex- 
ample Pickering et al., Applied Surface Science 63 
(1993) pages 22-26. 

[0034] In Figure 9, the ellipsometric amplitude ratio y 
(Psi) in degrees is plotted against photon energy (eV) 
for UHP 23 (air dried) and UHP 23A (supercritically 
dried). This is shown in each case both for measured 
eilipsometry data and for calculations from a theoretical 
model forming a best fit to such data. The upper right of 
the drawing gives a key to the graphs shown. The the- 
oretical model employed is a multilayer effective medi- 
um model of a kind known in eilipsometry. Graphs 90 
(measured data) and 92 (theoretical model) were ob- 
tained form supercritically dried specimen UHP 23A 
shown in Figures 4 and 6. The oscillatory behaviour is 
due to interference fringes, and indicates good optical 
quality. The theoretical model is a reasonable fit; it over- 
estimates fringe amplitude, probably due porosity gra- 
dient and/or non-ideal interfaces. It indicates a thick- 
ness of the porous silicon layer of 4.98 ± 0.05 u.m, to- 
gether with a porosity (percentage void) varying from 
97% (surface remote from substrate) to 92% (adjacent 
to substrate). This is consistent with etching decreasing 
with penetration depth, which is normal. UHP 23A there- 
fore has a thickness of about 5 u.m and an average po- 
rosity of about 95% determined ellipsometrically. The 
porosity figure of 97% corresponds to the outer or upper 
0.25 u,m thickness of the porous silicon 62 in Figure 6. 
This, porosity is consistent.with an average density of 
0.09 g/cm 3 and a refractive index less than 1 .10. 
[0035] Graphs 94 (measured data) and 96 (theoreti- 
cal model) were obtained for the air dried comparison 
specimen UHP 23. They do not show interference fring- 
es, indicating that coherency with the substrate has 
been lost and that optical quality is poor. The measured 
data can be fitted with an average porosity of 83% as- 
suming a free standing porous layer; this is consistent 



with cross-sectional SEM results (see Figure 5) showing 
that the porous layer had at least partially lifted off (be- 
come detached) from the bulk silicon substrate. The da- 
ta also indicated a reverse or negative porosity gradient 

5 of 80% at the outer surfaces increasing to 85% adjacent 
to the substrate; this is consistent with collapse of at 
least part of the porous structure. 
[0036] The difference between the ellipsometric po- 
rosity results for UHP 23 and UHP 23A indicates that 

10 the former experienced a shrinkage over 10% relative 
to the latter. Such shrinkage can be inferred from Figure 
5, in which the porous silicon material contains voids 54 
and has a concave upper surface consistent with shrink- 
ing during drying. Figure 6 however demonstrates that 

15 such shrinkage is not detectable in supercritically dried 
specimen UHP 23A. From Figure 6 it can be seen that 
the thickness of specimen UHP 23A is constant to within 
5% over a distance of 20 u.m measured parallel to the 
surface of the silicon substrate 64. This thickness is 4.0 

20 ± 0.2 urn. Over the whole of specimen UHP 23A (area 
2 cm 2 ), porous silicon thickness variation was less than 
10%. This compares with a variation in thickness of air 
dried specimen UHP 23 which approaches 1 00%; ie the 
thickness varies between about 4 u,m and less than 0.1 

25 u.m due to voids 56 in the porous silicon material of this 
specimen. The voids 56 extend virtually down to the 
substrate 54, and the near 1 00% thickness variation oc- 
curs over distances of only a few \sjx\ between adjacent 
voids 56. 

30 [0037] Supercritical drying is known perse for the pro- 
duction of aerogels, these being structures which are 
over 90% porous and the pores are air filled. Tewari et 
al. describe the production of transparent silica aerogels 
in Materials Letters, Vol. 3, No. 9, 10 pages 363 to 367, 
35 July 1 985. The silica aerogel is produced from a solution 
by a sol-gel process; the process involves hydrolysis 
and polycondensation of silicon alkoxides in alcohol, 
which produces an alcogel (ie alcohol-filled pores). The 
aerogel is produced by replacing the alcohol in the pores 
40 by air. This is done by supercritical drying. The silica 
aerogels are non-crystalline and are free standing, ie 
there is no supporting substrate. They are insulators not 
semiconductors, and Tewari et al. do not disclose lumi- 
nescence properties. 
45 [0038] Supercritical drying for the production of silica 
aerogels is also disclosed by Rangarajan and Lira, J. 
Supercritical Fluids, Vol 4, No. 1, pages 1 to 7, 1991. 
The original work in this field was carried out by Kistler 
in 1932, and is reported in J. Phys, Chem 1932, 36, 52. 
50 Published Japanese Patent Application Number JP 
890266463 describes a method of drying semiconduc- 
tor substrates using supercritical drying techniques to 
give increased yield through the avoidance of attaching 
foreign matter to the substrate. 
55 [0039] Semiconductor processing is a high technolo- 
gy field with considerable research and development 
activity in many countries. Semiconductor processing is 
directed to layers or strata supported by bulk (non-po- 
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rous) wafer substrate. Layers grown epitaxially on a 
substrate are extensions of the substrate's crystal struc- 
ture, ie a substrate and semiconductor layers thereon 
from a single crystal. The layers are of microscopic 
thickness, typically a few u,m in thickness or less down 
to a fraction of a urn A porous silicon "layer" is a skeleton 
structure formed by etching to remove material from a 
silicon wafer to which the skeleton is attached. It is re- 
ferred to in this specification, as an aerocrystal or aero- 
crystal network, and is an extension of a non-porous 
crystalline substrate. Pores in the porous silicon termi- 
nate at the wafer. Aerogels are formed by condensation 
from solution, not from an original non-porous solid 
phase material. An aerogel therefore has no substrate 
of such original material, and all its surfaces are porous. 
Aerogels are amorphous, ie non-crystalline; they are of 
macroscopic dimensions, mm or cm in thickness, as op- 
posed to jim thicknesses for semiconductor layers. 
[0040] In a textbook, "Chemical Processing of Ad- 
vanced Materials", pp 19 onwards, Ed. Hench and West, 
1 992, John Wiley and Sons, Hrubesh et al. describe the 
production of very high porosity silica aerogels. They ob- 
serve that such aerogels are hydrophobic if produced 
by direct extraction of solvent, and are stable in atmos- 
phere. However, silica aerogels are hydrophilic when 
produced by first exchanging the solvent with carbon di- 
oxide and supercritically drying. They shrink badly when 
exposed to air. This has surprisingly been found not to 
be the case for supercritically dried porous silicon. It is 
also surprising that the high pressures involved in su- 
percritical drying have not produced any serious etching 
effects associated with the solvent being displaced from 
porous silicon. In this regard it is observed that alcohols 
in porous silicon are associated with heat evolution in- 
dicating etching. This is reported by Canham and 
Groszek in J. Appl. Phys. Vol 72 (4), pages 1558-1564, 
15 August 1992. 

[0041] The supercritical drying process may also be 
used to fabricate thick luminescent porous silicon layers 
which are of the order of 200 u.m in thickness. Such lay- 
ers having a porosity of greater than 70% averaged over 
the depth of the porous layer have been produced and 
their luminescence properties characterized. 
[0042] Referring now to Figure 10, there is shown in 
graphical form a plot of luminescence intensity in arbi- 
trary units versus depth for a cross-section of a thick 
luminescent porous silicon layer. The thick luminescent 
porous silicon layer was fabricated by the following 
method. A wafer of silicon material heavily doped with 
arsenic to form a n + wafer, with a resistivity in the range 
5 x 1 0- 3 ohm cm to 1 0 x 1 0* 3 ohm cm was used to pro- 
duce the very thick porous layer. The wafer was ano- 
dized in a 20% ethanoic HF solution, comprising a 1:1 
ethanol:40 wt% HF solution, at 50 mAcnr 2 for 90 min- 
utes. The wafer was then subjected to a chemical etch 
in the same solution for 2 hours. Following the etching 
process, the wafer was removed from the HF solution 
and immersed in isopropyl alcohol (IPA) whilst still wet. 



The wafer was kept immersed in the IPA for 18 hours 
prior to commencement of the supercritical drying proc- 
ess. The supercritical drying was carried out in a similar 
manner to that described earlier in relation to Figure 2 
5 exceptthatthatlPAratherthan ethanolwasusedasthe 
intermediate solvent. Segments of the wafer were dried 
in a 50 cm 3 pressure vessel which was flushed with liq- 
uid C0 2 at a temperature of 1 8°C and a pressure of 1 0.1 
MPa with a flow rate of 5 cm 3 min* 1 for 80 minutes to 
10 remove most of the IPA. The temperature was then 
raised at a rate of 2°C min* 1 to 40°C and the sample 
flushed with supercritical C0 2 for 50 minutes. The pres- 
sure vessel was then de-pressurized at 40°C over a pe- 
riod of 10 minutes. The wafer segment had a porous 
15 silicon layer approximately 200 u-m thick with a porosity 
of greater than 70% throughout the entire depth of the 
layer. The porosity was measured using a gravimetric 
technique. After supercritical drying, the wafer segment 
was stored in ambient air for 47 days prior to lumines- 
20 cence measurements being performed. 

[0043] Figure 10 was obtained using measurement 
techniques as described by Beale et al. in Materials Re- 
search Society Symposium Proceedings, Volume 283, 
1 993, pages 377-382. A cross-section of the porous sil- 
25 jcon layer was illuminated using a 442 nm HeCd laser 
and the intensity of the resulting visible photolumines- 
cence was measured as a function of position across 
the porous silicon layer. The extent of the porous silicon 
region is indicated by an arrow 1 00, with the porous sil- 
30 jcon region having top and bottom surfaces correspond- 
ing to dotted lines 102 and 104 respectively. Figure 10 
shows that photoluminescence was achieved through- 
out the porous silicon layer, with the luminescence in- 
tensity decreasing with increasing depth. The efficiency 
35 of the luminescence was measured for the top porous 
silicon surface, i.e. the surface furthest from the silicon 
wafer, corresponding to dotted line 102 at a depth of 0 
urn in Figure 1 0. The measured external power efficien- 
cy was 0.54%. Using this value for luminescence effi- 
40 ciency at the porous silicon top surface, it is possible to 
calibrate Figure 10. The luminescence efficiency falls 
below 0,3% at a depth indicated by a chain line 105, 
indicating that the porous silicon has a luminescence ef- 
ficiency of more than 0.3% over more than 100 u.m, or 
45 50% of the porous silicon thickness. The luminescence 
efficiency falls below 0.1% at a depth indicated by a 
chain line 106, indicating that the porous silicon has a 
luminescence efficiency of greater than 0.1 % over more 
than 160 u/n, or 80% of the porous silicon thickness. 
so The porous silicon layer therefore has more than 80% 
of its thickness exhibiting good luminescence proper- 
ties. The combination of the thick porous silicon layer 
and the illuminating laser comprises a luminescent de- 
vice. The waferwas examined in an SEM and was found 
55 to have good structural integrity, with no evidence of 
cracking of the porous silicon layer being observed in a 
sample measuring 2 cm by 4 cm. 
[0044] Thick photoluminescent porous silicon with a 
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thickness of 32 ± 5 u.m and good structural integrity, 
showing no evidence of cracking under scanning elec- 
tron microscopy has also been fabricated from lightly 
doped p-type (p-) silicon. A cz p- silicon wafer of resis- 
tivity in the range 1 -3 ohm cm was anodized in a 20% 
ethanoic HF solution for 90 minutes at 20 mAcnrr 2 , The 
anodized wafer was then immersed in I PA whilst still 
wet. The wafer was then dried supercritically in the same 
manner as for the 200 urn thick sample described pre- 
viously. Visible photoluminescence was observed 
across the entire porous silicon layer under cross-sec- 
tional flood illumination with 442 nm radiation. When il- 
luminated with 325 nm ultraviolet radiation, the porous 
silicon luminesced with a peak wavelength of 575 nm. 
The efficiency of the photoluminescence was measured 
to be more than 1 % extending over a thickness of great- 
er than 20ujti. 

[0045] Thick porous silicon layers have been ob- 
served previously. N. Ookubo et al. in Material Science 
and Engineering B20 (1993) pp 324 to 327 reported the 
production of porous silicon films having a thickness of 
up to 94 ujti. However, the films produced by Ookubo et 
al. have a layered structure, with only atop layer of thick- 
ness 6-8 jam being described as visibly photolumines- 
cent. The top surface of the Ookubo films are shown as 
being cracked into cells with a lateral dimension of ap- 
proximately 10 ujti. In another paper by Ookubo in J. 
Appl. Phys 74 (10), 15 November 1993, pp 6375 to 
6382, describing a two-layer structure of approximately 
8 um in thickness, the layer structure is attributed to the 
process of removing the electrolyte after ano.dization. 
Grivickas et al. in their paper referenced earlier also ob- 
served a layered structure to their porous silicon films 
under scanning electron microscopy. These films were 
up to 50 jim thick and are described as being weakly 
photoluminescent but again showed cracking. It seems 
probable that the layered structure is a result of the top 
layer having higher porosity which collapses when the 
sample is dried. It is desirable to be able to form lumi- 
nescent porous silicon layers of thickness greater than 
10 u/n which do not have a layered structure. It is also 
desirable to form luminescent porous silicon layers of 
thickness g reater than 1 0 ujti which do not exhibit crack- 
ing. Neither the 200 urn thick n + porous silicon layer nor 
the 32 u.m thick p- porous silicon layer exhibited a layer 
structure under cross-sectional scanning electron mi- 
croscopy. Also, neither the 200 u.m thick n + porous sili- 
con layer nor the 32 u.m thick p- porous silicon layer ex- 
hibited voids, crazing or peeling during examination by 
scanning electron microscopy at a magnification of 
7,000. 

[0046] Whereas the invention is particularly relevant 
to porous silicon, it is also relevant to other porous sem- 
iconductor materials such as porous gallium arsenide. 



Claims 

1. Porous semiconductor material (12) which is at 
least partly crystalline, characterised in that the 
5 semiconductor material has a porosity in excess of 
90% determined gravimetrically and in that the po- 
rous semiconductor material has one or more of the 
following properties: 



there are substantially no voids (56), crazing 
and peeling discemable in the semiconductor 
material by scanning electron microscopic 
analysis at a magnification of 7,000; 

the semiconducting material has a crack den- 
sity of less than 10 8 cm' 2 ; and 

the semiconductor material is free of cracks 
greater than 0.1 u.m in width. 

2. Material according to Claim 1, characterised in 
that the porous semiconductor material (12) is po- 
rous silicon material. 



25 3. Material according to Claim 2, characterised in 
that the material is at least 80% crystalline. 

4. Material according to Claim 3, characterised in 
that the material has a thickness which is constant 
to within 10%. 



10 



15 



20 



30 



5. Material according to Claim 4, characterised in 
that the material is connected to a non-porous sili- 
con substrate. 



35 

6. Material according to Claim 2, characterised in 
that the material is connected to a non-porous sili- 
con substrate. 

40 7. Material according to Claim 2, characterised in 
that the material contains silicon quantum wires 
with diameters less than 4nm. 

8. Material according to Claim 7, characterised in 
45 that at least 90% by volume of the material consists 
of a reticulated structure of silicon quantum wires 
and at least 50% of the said wires have diameters 
less than 4 nm. 

50 9. Material according to Claim 8, characterised in 
that the material is at least 80% crystalline. 

10. Material according to Claim 2, characterised in 
that the material is in the form of an aerocrystal con- 
55 nected to a non-porous crystalline silicon substrate 
(64) of like crystal structure. 



11. Material according to any one of Claims 2 to 10, 
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characterised in that the material is activatable to 
produce visible luminescence. 

12. Material according to Claim 1, characterised in 
that the material is in the form of an aerocrystal con- 
nected to a non-porous crystalline substrate (64) of 
like semiconductor material. 

13. Porous semiconductor material (12) according to 
Claim 1 characterised in that in voids (56), crazing 
and peeling are substantially indiscernible by scan- 
ning electron microscopy at a magnification of 
7,000. of an area of at least 20 urn x 10 u,m. 

14. A luminescent device incorporating porous semi- 
conductor (12) material according to Claim 1 which 
is activatable to produce visible luminescence, the 
device also incorporating means for exciting lumi- 
nescence from the porous semiconductor material 
(12). 

15. A device according to Claim 14, characterised in 
that the porous semiconductor is porous silicon ma- 
terial. 

16. A device according to Claim 15, characterised in 
that the porous silicon material is at least 80% crys- 
talline. 

17. A device according to Claim 16, characterised in 

that the porous silicon material has a thickness 
which is constant to within 10%. 

18. A device according to Claim 15, characterised in 
that the porous silicon material contains silicon 
quantum wires with diameters less than 4 nm. 

19. A device according to Claim 18, characterised in 
that at least 90% by volume of the porous silicon 
material consists of a reticulated structure of silicon 
quantum wires and at least 50% of the said wires 
have diameters less than 4 nm. 

20. A device according to any one of Claims 15 to 19, 
characterised in that the porous silicon material is 
connected to a non-porous crystalline silicon sub- 
strate (64). 

21. A luminescent device according to Claim 14, char- 
acterised in that voids (56), crazing and peeling 
are substantially indiscernible by scanning electron 
microscopy at a magnification of 7,000 of an area 
of at least 20u.mx 10u.m. 

22. A method of making porous semiconductor material 
incorporating the step of producing porous semi- 
conductor material (12) which is liquid-wetted and 
at least partly crystalline, characterised In that the 



method further incorporates the step of drying the 
porous semiconductor material (12) by a supercrit- 
ical drying process. 

5 23. A method according to Claim 22, characterised in 
that the step of producing porous semiconductor 
material which is liquid-wetted and at least partly 
crystalline involves producing porous semiconduc- 
tor material which is porous silicon material with a 
10 porosity in excess of 90% determined gravimetrical- 

iy. 

24. A method according to Claim 23, characterised in 
that the step of producing porous semiconductor 

15 material which is liquid-wetted and at least partly 
crystalline involves an electrochemical process to 
produce porous silicon material. 

25. A method according to Claim 24, characterised in 
20 that after drying the porous silicon material has at 

least 80% crystallinity, porosity in excess of 90% de- 
termined gravimetrically, and indiscernibility of 
voids (56), crazing and peeling by scanning elec- 
tron microscopy at a magnification of 7,000. 

25 

26. A method according to Claim 25, characterized in 
that after drying at least 90% by volume of the po- 
rous silicon material consists of a reticulated struc- 
ture of silicon quantum wires and at least 50% of 

30 the said wires have diameters less than 4 nm. 

27. A method according to Claim 24, characterized in 
that the step of producing porous semiconductor 
material which is liquid-wetted and at least partly 

35 crystalline involves an anodization/etching process 
to produce porous silicon material connected to a 
substantially non-porous crystalline silicon sub- 
strate (10,64). 

40 28. A method according to Claim 27, characterized In 
that the anodization/etching process comprises an- 
odizing a substantially non-porous crystalline sili- 
con substrate (10,64) to produce porous and at 
least partly crystalline silicon material connected 
45 thereto, and etching the porous silicon material to 
increase its porosity, etching being terminated with 
the porous silicon material in a liquid-wetted state 
for drying by the supercritical drying process. 

50 29. A method according to any one of Claims 22 to 28, 
characterized in that the supercritical drying proc- 
ess involves replacement of liquid in the pores of 
the porous silicon by liquid C0 2 and a subsequent 
change of the C0 2 phase from liquid to gas. 

55 

30. A method of making porous semiconductor material 
according to Claim 22, characterized in that after 
drying the porous silicon is activatable to produce 
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visible luminescence. 

31 . A method according to Claim 30, characterized in 

that the porous semiconductor material is porous 8. 
silicon material. 5 

32. A method according to Claim 31 , characterized in 
that the porous semiconductor material has a sheet 
thickness greater than 10 urn 

10 9. 

33. A method according to Claim 32, characterised in 
that the material has a sheet thickness greater than 
100 urn. 

10. 

34. A method according to Claim 32, characterised in « 
that the material has a sheet thickness in the range 

20 urn to 200 urn. 



net, daB das Material Siliciumquantendrahte mit ei- 
nem Durchmesser von weniger als 4 nm aufweist. 

Material nach Anspruch 7, dadurch gekennzeich- 
net, daB mindestens 90 Vol-% des Materials aus 
einervernetzten Strukturvon Siliciumquantendrah- 
ten besteht und mindestens 50 % der Drahte.einen 
Durchmesser unter 4 nm haben. 

Material nach Anspruch 8, dadurch gekennzeich- 
net, daB mindestens 80 % des Materials kristallin 
sind. 

, Material nach Anspruch 2, dadurch gekennzeich- 
net, daB das Material in Form eines Aerokristalls 
vorliegt, der mit einem nichtporosen kristallinen Si- 
liciumsubstrat (64) der gleichen Kristallstruktur ver- 
bunden ist. 



Patentanspruche 

1. Poroses Halbleitermaterial (12), das zumindestteil- 
weise kristallin ist, dadurch gekennzeichnet, daB 
das Halbieitermaterial eine gravimetrisch bestimm- 
te Porositat uber 90 % aufweist und dadurch, daB 
das porose Halbleitermaterial eine oder mehrere 
der folgenden Eigenschaften aufweist: 

- in dem Halbleitermaterial sind bei einer Vergro- 
Berung von 7000 in einem Rasterelektronenmi- 
kroskop im wesentlichen keine Leerraume 
(56), Haarrisse und Ablosungen erkennbar; 

- das Halbleitermaterial weist eine Dichte der 
Risse unter 10 8 cm' 2 auf; und 

- das Halbleitermaterial weist keine Risse auf, 
die breiter als 0,1 urn sind. 

2. Material nach Anspruch 1 , dadurch gekennzeich- 
net, daB das porose Halbleitermaterial (12) ein po- 
roses Siliciummaterial ist. 

3. Material nach Anspruch 2, dadurch gekennzeich- 
net, daB das Material zumindest zu 80 % kristallin 
ist. 

4. Material nach Anspruch 3, dadurch gekennzeich- 
net, daB die Dicke des Materials innerhalb von 10 
% konstant ist. 

5. Material nach Anspruch 4, dadurch gekennzeich- 
net, daB das Material mit einem nichtporosen Sili- 
ciumsubstrat verbunden ist. 

6 Material nach Anspruch 2, dadurch gekennzeich- 
net, daB das Material mit einem nichtporosen Sili- 
ciumsubstrat verbunden ist. 

7. Materia! nach Anspruch 2, dadurch gekennzelch- 



20 11. Material nach einem der Ansprtiche 2 bis 10, da- 
durch gekennzeichnet, daB das Material zur Lu- 
mineszenz im sichtbaren Bereich anregbar ist. 

12. Material nach Anspruch 1 , dadurch gekennzeich- 
25 net, daB das Material in Form eines Aerokristalls 
vorliegt, der mit einem nichtporosen kristallinen 
Substrat (64) des gleichen Halbleitermaterials ver- 
bunden ist. 

30 13. Poroses Halbleitermaterial (12) nach Anspruch 1, 
dadurch gekennzeichnet, daB uber eine Flache 
von mindestens 20 u.m x 1 0 urn bei einer VergroBe- 
rung von 7000 in einem Rasterelektronenmikro- 
skop im wesentlichen keine Leerraume (56), Haar- 
35 risse und Ablosungen erkennbar sind. 

14. Lumineszierende Vorrichtung, die ein poroses 
Halbleitermaterial (12) nach Anspruch 1 enthalt, 
das zur Lumineszenz im sichtbaren Bereich anreg- 

40 bar ist, wobei die Vorrichtung auch Einrichtungen 
enthalt, urn die Lumineszenz in dem porosen Halb- 
leitermaterial (12) anzuregen. 

15. Vorrichtung nach Anspruch 14, dadurch gekenn- 
45 zelchnet, daB es sich bei dem porosen Halbleiter 

urn poroses Silicium handelt. 

16. Vorrichtung nach Anspruch 15, dadurch gekenn- 
zeichnet, daB das porose Siliciummaterial zumin- 

50 dest zu 80 % kristallin ist. 

17. Vorrichtung nach Anspruch 16, dadurch gekenn- 
zeichnet, daB die Dicke des porosen Siliciums in- 
nerhalb von 10 % konstant ist. 

55 

18. Vorrichtung nach Anspruch 15, dadurch gekenn- 
zeichnet, daB das porose Siliciummaterial Quan- 
tendrahte mit einem Durchmesser unter 4 nm ent- 



30 13. 



35 
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halt. 

19. Vorrichtung nach Anspruch 18, dadureh gekenn- 
zeichnet, daS mindestens 90 Vol-% des porosen 
Siliciummaterials aus einervernetzten Struktur von 
Siliciumquantendrahten bestehen und mindestens 
50 % der Drahte einen Durchmesser unter 4 nm auf- 

- weisen. 

20. Vorrichtung nach einem der Anspruche 15 bis 19, 
dadureh gekennzeichnet, daB das porose Sili- 
ciummaterial mit einem nichtporosen kristallinen Si- 
liciumsubstrat (64) verbunden ist. 

21. Lumineszierende Vorrichtung nach Anspruch 14, 
dadureh gekennzeichnet, daB uber eine Flache 
von mindestens 20 urn x 10 u.m bei einer VergroBe- 
rung von 7000 in einem Rasterelektronenmikro- 
skop im wesentlichen keine Leerraume (56), Haar- 
risse und Ablosungen erkennbar sind. 

22. Verfahren zur Herstellung porosen Halbleitermate- 
rials mit einem Schritt zur Herstellung porosen 
Halbleitermaterials (12), das flussigkeitsbenetzt 
und zumindest teilweise kristallin ist, dadureh ge- 
kennzeichnet, daB das Verfahren weiterhin einen 
Schritt zum Trocknen des porosen Halbleitermate- 
rials (12) in einem uberkritischen TrockenprozeG 
umfaGt. 

23. Verfahren nach Anspruch 22, dadureh gekenn- 
zeichnet, daB der Schritt zur Herstellung porosen 
Halbleitermaterials, das flussigkeitsbenetzt und zu- 
mindest teilweise kristallin ist, die Herstellung poro- 
sen Halbleitermaterials umfaGt, bei dem es sich urn 
poroses Siliciummaterial mit einer gravimetrisch 
bestimmten Porositat uber 90 % handelt. 

24. Verfahren nach Anspruch 23, dadureh gekenn- 
zeichnet, daB der Schritt zur Herstellung porosen 
Halbleitermaterials, das flussigkeitsbenetzt und zu- 
mindest teilweise kristallin ist, einen elektrochemi- 
schen ProzeG zur Herstellung porosen Siliciumma- 
terials umfaGt. 



Durchmesser von unter 4 nm aufweisen. 

27. Verfahren nach Anspruch 24, dadureh gekenn- 
zeichnet, daB der Schritt zur Herstellung porosen 

5 Halbleitermaterials, das flussigkeitsbenetzt und zu- 
mindest teilweise kristallin ist, ein Anodisier/Atzver- 
fahren zur Herstellung porosen Siliciummaterials 
umfaGt, das mit einem im wesentlichen nichtporo- 
sen kristallinen Siliciumsubstrat (1 0, 64) verbunden 
10 ist. 

28. Verfahren nach Anspruch 27, dadureh gekenn- 
zeichnet, daB das Anodisier/Atzverfahren das An- 
odisieren eines im wesentlichen nichtporosen kri- 

15 stallinen Siliciumsubstrats (1 0, 64) zur Herstellung 
eines damit verbundenen porosen und zumindest 
teilweise kristallinen Siliciummaterials und ein At- 
zen des porosen Siliciummaterials zur Erhohung 
seiner Porositat umfaGt, wobei das porose Silicium- 
20 material vor dem Trocknen mit einem uberkriti- 
schen Trockenverfahren nach dem Atzen in einem 
fliissigkeitsbenetzten Zustand vorliegt. 

29. Verfahren nach einem der Anspruche 22 bis 28, da- 
25 durch gekennzeichnet, daB das uberkritische 
Trockenverfahren ein Ersetzen der Flussigkeit in 
den Poren des porosen Siliciums durch flussiges 
C0 2 mit einem anschlleGenden Ubergang der C0 2 - 
Phase von einer flussigen in eine gasformige Phase 
30 umfaGt. 



25. Verfahren nach Anspruch 24, dadureh gekenn- 
zeichnet, daB das porose Siliciummaterial nach 
dem Trocknen eine Kristallinitat von mindestens 80 
% und eine gravimetrisch bestimmte Porositat uber 
90 % aufweist und bei einer VergroGerung von 7000 
im Rasterelektronenmikroskop keine Leerraume 
(56), Haarrisse und Ablosungen erkennbar sind. 

26. Verfahren nach Anspruch 25, dadureh gekenn- 
zeichnet, daB nach dem Trocknen mindestens 90 
Vol-% des porosen Siliciummaterials aus einerver- 
netzten Struktur von Siliciumquantendrahten be- 

- stehen und mindestens 50 % der Drahte einen 



30. Verfahren zur Herstellung porosen Halbleitermate- 
rials nach Anspruch 22, dadureh gekennzeichnet, 
daB das porose Silicium nach dem Trocknen zur 

35 Lumineszenz im sichtbaren Bereich anregbar ist. 

31. Verfahren nach Anspruch 30, dadureh gekenn- 
zeichnet, daB es sich bei dem porosen Halbleiter- 
material urn poroses Siliciummaterial handelt. 

40 

32. Verfahren nach Anspruch 31, dadureh gekenn- 
zeichnet, daB das porose Halbleitermaterial eine 
Schichtdicke von mehr als 10 u.m aufweist. 

45 33. Verfahren nach Anspruch 32, dadureh gekenn- 
zeichnet, daB das Material eine Schichtdicke uber 
100 u.m aufweist. 



34. Verfahren nach Anspruch 32, dadureh gekenn- 
50 zeichnet, daB das Material eine Schichtdicke im 
Bereich von 20 u,m bis 200 u/n aufweist. 
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Revendlcations 

1. Materiau semiconducteur poreux (12) qui est au 
moins partiellement cristallin, caracterise en ce 
que le materiau semiconducteur a une porosite su- 
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perieure a 90 % determine par gravimetrie et en 
ce que le materiau semiconducteur poreux a i'une 
au moins des propriety suivantes : 

il n'existe pratiquement pas de vide (56), fissu- 
ration et delamination visibles dans le materiau 
semiconducteur au travers d'une analyse par 
microscope a balayage electronique a un gros- 
sissement de 7000 fois ; 
le materiau semiconducteur a une densite de 
fissuration inferieure a 10 8 cm -2 ; et 
le materiau semiconducteur est exempt de fis- 
surations dont la largeur est superieure a 0,1 
u.m. 

2. Materiau selon la revendication 1 , caracterise en 
ceque le materiau semiconducteur poreux (12) est 
du silicone poreux. 

3. Materiau selon la revendication 2, caracterise en 
ce que le materiau est cristallin a au moins 80 %. 

4. Materiau selon la revendication 3, caracterise en 
ce que l'6paisseur du materiau est constante a 10 
% pres. 

5. Materiau selon la revendication 4, caracterise en 
ce que le materiau est joint a un substrat de silicone 
non poreux. 

6. Materiau selon la revendication 2, caracterise en 
ce que le materiau est joint a un substrat de silicone 
non poreux. 

7. Materiau selon la revendication 2, caracterise en 
ce que le materiau contient des fils quantiques de 
silicone dont le diametre est inferieur a 4 nm. 

8. Materiau selon la revendication 7, caracterise en 
ce qu'au moins 90 % en volume du materiau sont 
composes d'une structure r&iculee de fils quanti- 
ques de silicone et au moins 50 % desdits fils ont 
des diametres inferieurs a 4 nm. 

9. Mat6riau selon la revendication 8, caracterise en 
ce que le materiau est cristallin a au moins 80 %. 

10. Materiau selon la revendication 2, caracterise en 
ce que le materiau se presente sous la forme d'un 
aerocristal joint a un substrat de silicone cristallin 
non poreux (64) de meme structure cristalline. 

11. Materiau selon I'une quelconque des revendica- 
tions 2 a 1 0, caracterise en ceque le materiau peut 
etre active pour produire une luminescence visible. 

12. Materiau selon la revendication 1, caracterise en 
ce que le materiau se presente sous la forme d'un 
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aerocristal joint a un substrat cristallin non poreux 
(64) de meme mat6riau semiconducteur. 

13. Materiau semiconducteur poreux (12) selon la re- 
vendication 1 , caracterise en ce que dans les vi- 
des (56), les fissurations et la delamination sont 
pratiquement invisibles au microscope a balayage 
electronique a un grossissement de 7000 fois sur 
une surface d'au moins 20 u/n x 10 urn 

14. Dispositif luminescent qui integre des materiaux 
semiconducteurs poreux (12) selon la revendica- 
tion 1 , qui peut etre active pour produire une lumi- 
nescence visible, le dispositif integrant egalement 
des moyens d'exciter la luminescence du materiau 
semiconducteur poreux (12). 



15. Dispositif selon la revendication 14, caracterise en 
ce que le semiconducteur poreux est du silicone 

20 poreux. 

16. Dispositif selon la revendication 15, caracterise en 
ce que le silicone poreux est cristallin a au moins 
80 %. 

25 

17. Dispositif selon la revendication 1 6, caracterise en 
ce que le silicone poreux est d'epaisseur constante 
dans des limites de 10 %. 

18. Dispositif selon la revendication 15, caracterise en 
ce que le silicone poreux contient des fils quanti- 
ques de silicone dont le diametre est inferieur a 4 
nm. 

19. Dispositif selon la revendication 1 8, caracterise en 
ce qu'au moins 90 % en volume du silicone poreux 
sont composes d'une structure reticulee de fils 
quantiques de silicone et au moins 50 % desdits fils 
ont des diametres inferieurs a 4 nm. 

20. Dispositif selon les revendications 15 a 19, carac- 
terise en ce que le silicone poreux est joint a un 
substrat de silicone cristallin non poreux (64). 

45 21. Dispositif luminescent selon la revendication 14, 
caracterise en ce que les vides (56), la fissuration 
et la delamination sont pratiquement invisibles par 
microscope a balayage electronique a un grossis- 
sement de 7000 fois d'une surface d'au moins 20 
urn x 10 urn. 

22. Proced6 de fabrication de materiau semiconduc- 
teur poreux qui integre la phase de production de 
mat6riau semiconducteur poreux (12) qui est humi- 
difie et au moins partiellement cristallin, caracteri- 
see eh ce que le procdde comprend egalement la 
phase de sechage du mat6riau semiconducteur po- 
reux (12) par un proced§ de sechage supercritique. 
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23. Procede selon la revendication 22, caracterise en 
ce que la phase de production du materiau semi- 
conducteur poreux qui est humidifie et au moins 
partiellement crlstallin Implique la production de 
materiau semiconducteur poreux qui est du silicone 
poreux avec une porosite superieure a 90 % deter- 
mined par gravimetrie. 

24. Procede selon la revendication 23, caracterise en 
ce que la phase de production du materiau semi- 
conducteur poreux qui est humidifie et au moins 
partiellement cristallin implique un processus elec- 
trochimique pour produire le silicone poreux. 
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31. Procede selon la revendication 30, caracterise en 
ce que le materiau semiconducteur poreux est du 
silicone poreux. 

32. Procede selon la revendication 31 , caracterise en 
ce que le materiau semiconducteur poreux a une 
epaisseur superieure a 10 u.m. 

33. Procede selon la revendication 32, caracterise en 
ce que I'epaisseur du materiau est superieure a 1 00 
urn. 



25. Procede selon la revendication 24, caracterise en 
ce qu'apres sechage, le silicone poreux est cristal- 
lin a au moins 80 %, a une porosite de plus de 90 
% determined par gravimetrie, et qu'il n'est pas pos- 
sible de discerner de vides (56), de fissurations et 
de delamination par microscope a balayage elec- 
tronique a un grossissement de 7000 fois. 

26. Procede selon la revendication 25, caracterise en 
ce qu'apres sechage, au moins 90 % du silicone 
poreux sont composes d'une structure reticulee de 
f ils quantiques de silicone et au moins 50 % desdits 
f ils ont un diametre inferieur a 4 nm. 

.27. Procede selon la revendication 24, caracterise en 
ce que la phase de production de materiau semi- 
conducteur poreux qui est humidifie et au moins 
partiellement cristallin implique un processus 
d'anodisation et/ou derochage pour produire du si- 
licone poreux joint a un substrat de silicone cristallin 
substantiellement non poreux (10, 64). 



34. Procede selon la revendication 33, caracterise en 
ce que I'epaisseur du materiau est comprise entre 
15 20 urn et 200 um 
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28. Procede selon la revendication 27, caracterise en 
ce que le processus d'anodisation et/ou derochage 
comprend I'anodisation d'un substrat de silicone 
cristallin substantiellement non poreux (10, 64) 
pour produire un materiau silicone poreux et au 
moins partiellement cristallin joint, et le derochage 
du materiau silicone poreux pour augmentersa po- 
rosite, le derochage s'achevant quand le materiau 
silicone poreux est en etat humide en vue de son 
sechage par le proc6de de s6chage supercritique. 

29. Procede selon I'une des revendications 22 a 28, ca- 
racterise en ce que le procede de sechage super- 
critique implique le remplacement du liquide dans 
les pores du silicone poreux par du C0 2 liquide et 
le changement successif de la phase du C0 2 de 
I'etat liquide a I'etat gazeux. 

30. Procede de fabrication de materiau semiconduc- 
teur poreux selon la revendication 22, caracterise 
en ce qu'apres le sechage, le silicone poreux peut 
etre activd pour produire une luminescence visible. 
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Fig.3. 
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Fig.4. 
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Fig.7. 
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Fig.8. 
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